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Abstract
Background: Splanchnic hypoperfusion is common in various pathophysiological conditions and often considered to lead
to gut dysfunction. While it is known that physiological situations such as physical exercise also result in splanchnic
hypoperfusion, the consequences of flow redistribution at the expense of abdominal organs remained to be determined.
This study focuses on the effects of splanchnic hypoperfusion on the gut, and the relationship between hypoperfusion,
intestinal injury and permeability during physical exercise in healthy men.
Methods and Findings: Healthy men cycled for 60 minutes at 70% of maximum workload capacity. Splanchnic
hypoperfusion was assessed using gastric tonometry. Blood, sampled every 10 minutes, was analyzed for enterocyte
damage parameters (intestinal fatty acid binding protein (I-FABP) and ileal bile acid binding protein (I-BABP)). Changes in
intestinal permeability were assessed using sugar probes. Furthermore, liver and renal parameters were assessed.
Splanchnic perfusion rapidly decreased during exercise, reflected by increased gapg-apCO2 from 20.8560.15 to
0.8560.42 kPa (p,0.001). Hypoperfusion increased plasma I-FABP (6156118 vs. 309646 pg/ml, p,0.001) and I-BABP
(14.3062.20 vs. 5.0661.27 ng/ml, p,0.001), and hypoperfusion correlated significantly with this small intestinal damage
(rS=0.59; p,0.001). Last of all, plasma analysis revealed an increase in small intestinal permeability after exercise (p,0.001),
which correlated with intestinal injury (rS=0.50; p,0.001). Liver parameters, but not renal parameters were elevated.
Conclusions: Exercise-induced splanchnic hypoperfusion results in quantifiable small intestinal injury. Importantly, the
extent of intestinal injury correlates with transiently increased small intestinal permeability, indicating gut barrier
dysfunction in healthy individuals. These physiological observations increase our knowledge of splanchnic hypoperfusion
sequelae, and may help to understand and prevent these phenomena in patients.
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Introduction
Splanchnic hypoperfusion occurs in many pathophysiological
conditions, and is often considered to lead to epithelial barrier
dysfunction. Vascular disease, trauma, and shock can induce
splanchnic hypoperfusion and ischemia [1–2]. In addition,
gastrointestinal (GI) dysfunction is one of the more frequent
complications in surgical patients, in whom organ perfusion and
oxygen delivery are often impaired as a consequence of surgery-
induced alterations in cardio-respiratory and metabolic demands
[3]. In critically ill patients, inadequate splanchnic blood flow
causes intestinal damage, thereby compromising the intestinal
mucosal barrier, potentially inducing and aggravating endotoxae-
mia and systemic inflammation [4].
Splanchnic hypoperfusion also occurs in physiological condi-
tions. Young, healthy individuals endure episodes of splanchnic
hypoperfusion during strenuous physical exercise [5], whereas
older individuals may experience similar events during less
exhausting activities. Moreover, there is considerable evidence
supporting the theory that splanchnic hypoperfusion plays an
important role in the development of GI complications in patients
with chronic diseases, such as chronic heart failure or pulmonary
disease [6–7]. Interestingly, the consequences of short-term
splanchnic hypoperfusion on the organs in the splanchnic area
remain to be determined.
In the current study, we focus on the direct effects of splanchnic
hypoperfusion on gut, liver, and kidney epithelium in healthy
young volunteers who perform moderate-to-high intensity physical
exercise. This study is based on the fact that functional splanchnic
hypoperfusion occurs during physical exercise, when rapid
redistribution of the splanchnic blood flow occurs to secure supply
of adequate amounts of oxygen and energy to the active muscle
tissue, heart, and lungs [5,8]. In addition, during exercise a
reduction of the total circulatory blood volume, caused by
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output and compromise splanchnic perfusion even more [9].
Especially during prolonged running or cycling, athletes can
experience abdominal symptoms such as cramping, nausea,
abdominal pain, and (bloody) diarrhea [10]. This points towards
compromised GI functioning, but only few studies have looked at
exercise-induced intestinal mucosal lesions in man [11–12].
In the current study, we determined the consequences of
exercise-induced splanchnic hypoperfusion on gut, liver and
kidney epithelium, with particular emphasis on intestinal barrier
integrity loss in healthy individuals.
Results
Exercise-induced GI hypoperfusion
Tonometry revealed a significant increase of gastric-arterialized
pCO2 (gapg-apCO2) during exercise, from 20.8560.15 kPa to
0.8560.42 kPa(p,0.001) at completion ofexercisebout,indicating
functional splanchnic hypoperfusion (Figure 1A; test design in
Figure S1). The steepness of the gapg-apCO2 slope was most
pronounced during the first 10 minutes of exercise, suggesting that
functional splanchnic adaptations occur rapidly after altered
perfusion demands in other parts of the body during physical
activity. The gapg-apCO2 approximated baseline within 1 hour
after exercise, reflecting fast recovery of splanchnic perfusion
following a state of functional GI hypoperfusion. Interestingly, the
recovery of GI perfusion was most prominent during the first
10 minutes post exercise, which is in line with the rapid adaptation
of abdominal perfusion during the first 10 minutes of cycling.
Exercise-induced small intestinal damage
To assess hypoperfusion-induced effects on the small intestinal
epithelium, plasma intestinal fatty acid binding protein (I-FABP)
levels were determined, which increased rapidly, from
309646 pg/ml at baseline to 6156118 pg/ml (p,0.001) after
cycling (Figure 1B). Similar to the decreased gapg-apCO2 levels
(Figure 1A), circulating I-FABP levels declined substantially in the
first 10 minutes post exercise, and gradually decreased further
until baseline I-FABP level was reached approximately 50 minutes
after cycling (Figure 1B). Interestingly, we did not observe a new
peak in plasma I-FABP levels in the 60 minutes after cycling,
suggesting that reperfusion injury did not occur in this time period.
The short half-life of I-FABP in plasma (approximately
11 minutes) allows to analyze the correlation of enterocyte damage
with splanchnic hypoperfusion [13], calculating the within-person
correlation between gapg-apCO2 and the change in circulating I-
FABP. Because this correlation has not yet been described in
healthy individuals, we determined the correlation between gapg-
apCO2 and I-FABP 3 times, i.e. with a delay of 10, 20, and
30 minutes. Interestingly, I-FABP levels significantly correlated
with gapg-apCO2 assessed at all measured time points (Spearman
correlation coefficient (rS): 0.579 (p,0.001); 0.592 (p,0.001) and
0.528 (p,0.001), respectively). The correlation between gapg-
apCO2 and I-FABP levels determined in samples taken 20 minutes
later, is depicted in Figure 1C.
Similar to I-FABP, cycling increased ileal bile acid binding
protein (I-BABP) levels (5.0661.27 to 14.362.20 ng/ml
(p,0.001; Figure 2A)), reflecting enterocyte damage in the ileum
specifically.
Exercise-induced GI complaints
Two individuals reported nausea during the GI perfusion
measurements with the nasogastric tube in situ, which resolved
after the nasogastric tube was removed upon completion of the
experiment. Three additional participants mentioned minor
abdominal complaints during the test, including pain in epigastrio,
flatulence and belching. The individuals reporting abdominal
Figure 1. Physical exercise results in splanchnic hypoperfusion
and intestinal cell damage. A) Gastric tonometry shows decreased
splanchnic perfusion during cycling and post cycling (n=9). B) Plasma I-
FABP levels reflect the development of intestinal epithelial cell damage
during cycling and post cycling in healthy volunteers (n=20). C)
Normalized plasma I-FABP levels measured during exercise tonometry
correlate significantly with the normalized values of splanchnic
hypoperfusion (gapg-a pCO2 t-20 min) in healthy men (samples from
9 men). Data are mean 6 SEM. Different from baseline (t=0) (* p,0.01,
** p,0.001, *** p,0.0001).
doi:10.1371/journal.pone.0022366.g001
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exercise than the individuals without abdominal complaints.
Exercise-induced changes in liver parameters
To obtain information on liver injury during exercise, we
analyzed a set of four parameters: liver fatty acid binding protein
(L-FABP), alanine transaminase (ALT), aspartate transaminase
(AST), and alpha-glutathione S-transferase (alpha-GST). Plasma
L-FABP levels significantly increased in all individuals upon
exercise (4.7560.30 to 14.261.38 ng/ml (p,0.001; Figure 3A)).
Plasma ALT and AST levels increased from baseline 16.561.40 to
20.061.60 U/l (p,0.01; Figure 3B) and 18.560.93 to
23.860.98 U/l (p,0.001; Figure 3C), respectively. Alpha-GST
levels also increased during and after exercise (0.4260.07 to
0.6460.10 ng/ml (p=0.12)), reaching statistical significance at
1 hour post exercise (0.8560.16 ng/ml (p,0.01 vs. baseline,
p,0.05 vs. directly post exercise; Figure 3D). Prolonged release of
L-FABP and alpha-GST was observed at least for 1 hour post
exercise, whereas plasma ALT and AST levels decreased 1 hour
post exercise.
Exercise-induced changes in renal parameters
While we assumed that exercise caused renal damage, no
significant changes in urinary N-acetyl-beta-(D)-glucosaminidase
(NAG) levels were observed (p.0.05; Figure 2B). NAG, expressed
in tubular epithelial cells [14], which are vulnerable to ischemic
injury, is a sensitive marker of renal damage. Our data indicate
that exercise, accompanied by enterocyte and hepatocellular
injury, does not cause renal damage.
Exercise-induced GI permeability changes without
evidence for bacterial translocation
To analyze whether the exercise-induced GI hypoperfusion and
consequent enterocyte damage resulted in GI permeability
changes, we analyzed small intestinal permeability, which was
assessed as lactulose/L-rhamnose (L/R) ratio in urine and plasma.
All subjects were able to urinate within 10 minutes of the
instructed time point, without using Foley catheters. Overall, a
trend towards higher small intestinal permeability after exercise
was observed in urine, which was especially pronounced in the first
two hours of urinary collection (Figure 4A). However, no
statistically significant changes were observed in the urinary L/R
ratio or the individual sugars after exercise. Since modest,
Figure 2. Physical exercise leads to ileal epithelial damage and
inflammation, but does not result in renal injury. A) Increased
plasma IBABP levels point toward the development of exercise-induced
ileal epithelial cell damage. B) Urinary NAG levels indicate absence of
renal damage after cycling. Increased plasma MPO (C) and calprotectin
(D) levels reveal exercise-induced inflammation in healthy volunteers.
Data are mean 6 SEM (n=20). Different from baseline (t=0) (NS, not
significant; ** p,0.001, *** p,0.0001).
doi:10.1371/journal.pone.0022366.g002
Figure 3. Physical exercise is associated with liver damage.
Plasma L-FABP (A), ALT (B), AST (C), and alpha GST (D) suggest liver
injury after cycling. Data are mean 6 SEM (n=20) of samples collected
before, immediately after and 1 hour post cycling (* p,0.05, ** p,0.01,
*** p,0.001).
doi:10.1371/journal.pone.0022366.g003
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probe excretion transiently, we considered that this increased
probe excretion might be overshadowed by normal probe
excretion, because all excreted probes accumulate in the bladder
before leaving the body. Using our novel approach for sugar probe
detection, we could assess the sugar probes in detail by analysis of
plasma samples. Plasma analysis revealed an overall increase in
small intestinal permeability after exercise compared to rest
(p,0.001; Figure 4B). This increased plasma L/R ratio was the
result of significantly elevated lactulose concentrations after
exercise (p,0.05; data not shown), while plasma rhamnose levels
remained unchanged. Interestingly, the plasma L/R ratios
correlated significantly with plasma I-FABP levels measured in
the same samples during exercise (rS: 0.50, p,0.001; data not
shown).
Next, correlations between the 0–1 h urinary L/R ratio and the
AUC of the plasma L/R ratios determined in the 0–1 h time
period were evaluated for similarity, resulting in a RS of 0.42
(p,0.05; data not shown). Finally, the sucralose/erythritol (S/E)
ratio was determined in the 5–24 h urinary collections to study
large intestinal permeability changes. No changes in large
intestinal permeability were observed (Figure 4C).
To assess the translocation of bacterial endotoxin from the
intestine into the circulation, EndoCab analysis was performed.
The data did not reveal significant changes in endotoxin core
antibody levels before and after cycling in the subgroup of
participants that underwent permeability analysis (Figure S2A) or
in the total group of participants (Figure S2B).
Exercise-induced inflammatory response
Myeloperoxidase (MPO) and calprotectin were analyzed as
parameters of innate inflammation. Plasma MPO levels increased
significantly in all individuals upon exercise, from baseline
4.460.8 to 3364.7 ng/ml after cycling (p,0.001; Figure 2C).
In line with these results, a significant raise in circulating
calprotectin levels was observed (p,0.0001; Figure 2D). More-
over, faecal calprotectin levels increased significantly upon exercise
from baseline median 1.07 mg/g (range 0.49–2.20 mg/g) to
1.48 mg/g (range 0.59–40.82 mg/g, p,0.05; data not shown).
Discussion
The redistribution of blood away from the splanchnic area is an
adaptation of the body enabling perfusion of critical tissues in both
physiological and pathophysiological situations. During physical
exercise, reduction of the splanchnic circulation occurs to meet the
increased demand for oxygen and substrates in the active muscle,
thereby inducing a physiological state of hypoperfusion in the GI
system [8]. This study provides for the first time a comprehensive
overview of the processes occurring in response to splanchnic
hypoperfusion.
In this study, we demonstrate that in healthy individuals, one
hour of physical exercise results in splanchnic hypoperfusion and
small intestinal damage, reflected by an increase in plasma I-
FABP. Interestingly, the extent of intestinal damage significantly
correlated with the exercise-induced hypoperfusion and with mild
permeability changes in the small intestine. The most pronounced
change in splanchnic perfusion, i.e. the most obvious increase in
gapg-apCO2, occurred within the first 10 minutes of cycling, which
implies that splanchnic perfusion rapidly decreases following the
onset of exercise. The speed of adaptation of the splanchnic blood
flow is further demonstrated by its fast recovery after cycling,
which was also most prominent during the first 10 minutes
following cessation of exercise. The rapid decline in splanchnic
perfusion during cycling was followed by the development of
significant intestinal damage with a time lag of 20 minutes. The
data show a correlation between the exercise-induced splanchnic
hypoperfusion and enterocyte damage (measured 20 minutes
later), which is in line with animal studies and studies performed
in critically ill patients demonstrating that intestinal hypoperfusion
and ischemia result in intestinal cell damage [4]. The exercise-
induced damage to the small intestine was measured using plasma
I-FABP and I-BABP, both sensitive plasma parameters of
enterocyte damage that are predominantly expressed in the upper
half of the villi, where the mature enterocytes reside [15–17]. The
susceptibility of the mature enterocyte population to low-flow
states and ischemic events has been explained by the counter
current exchange mechanism in the villus [18,19], creating a
constant low oxygen environment at the villus tip. Intestinal
hypoperfusion deteriorates the oxygen-deprived status of the villus
tip even more, resulting in rapid loss of epithelial cell membrane
integrity and concomitant I-FABP and I-BABP release. The
increase in both I-FABP and I-BABP indicates that exercise results
Figure 4. Physical exercise induces a mild increase in small
intestinal permeability. A) Urinary L/R ratios over time are elevated
from baseline, especially in the first 2 hours after cycling, but not to a
significant level. B) Plasma permeability analysis revealed an overall
increase in small intestinal permeability after exercise compared to rest
(P,0.001). Plasma L/R ratios after exercise at individual time points
were not significantly different from L/R ratios in rest. C) Permeability of
the large intestine, reflected by the 5–24 h urinary S/E ratio, remains
unaltered during exercise. Data are mean 6 SEM (n=6). Different from
baseline (t=0) (NS, not significant; ** p,0.001).
doi:10.1371/journal.pone.0022366.g004
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Interestingly, plasma I-FABP levels gradually decreased in the
60-minute ‘reperfusion’ period. The absence of a second peak in
plasma I-FABP levels in this 60-minute period after splanchnic
hypoperfusion indicates that detectable reperfusion injury did not
occur in our healthy individuals. Our observations are in line with
recent work on human intestinal ischemia/reperfusion (I/R)
studies from our group showing that after 30 minutes of full
intestinal ischemia in an isolated part of the jejunum during a
Whipple procedure, plasma I-FABP levels rapidly increase,
whereas during reperfusion, a gradual decrease in I-FABP levels
was observed [20]. During reperfusion, shedding of the damaged
enterocytes prevented the jejunum from a massive I/R-induced
inflammatory response [21]. Taken together, these results reflect
the ability of the gut to withstand episodes of partial or total
deprivation of blood flow, with relatively little damage to the
intestinal mucosa.
Having obtained strong indications for reduced splanchnic
blood flow, we hypothesized that splanchnic outflow may be
reduced during strenuous physical exercise, resulting in hepatocyte
damage. Plasma levels of all assessed liver parameters (i.e. L-
FABP, ALT, AST, and alpha-GST) elevated significantly after
exercise. However, two other factors could be responsible for the
phenomenon. First, the increase in these plasma parameters could
theoretically be partly attributed to an exercise-induced reduction
in plasma volume. The increases, however, largely exceeded the
10% decrease in plasma volume that has been described in
athletes in more extreme settings than ours [22]. Alternatively,
muscle transaminase release is expected in response to (exercise-
induced) muscle injury [23,24], while L-FABP release could be
due to intestinal damage. Therefore, we additionally analyzed
plasma alpha-GST, an early marker of hepatocyte injury
unaffected by muscle injury, haemolysis, or intestinal injury
[25,26]. In short, the significant rise in the assessed liver
parameters after exercise strongly suggests the development of
mild hepatocyte damage, which is in line with Garcı ´a-Paga `n et al.
who reported a decrease in hepatic blood flow in patients with
liver cirrhosis and portal hypertension after only 10 minutes of
cycling at submaximal workload [27].
In contrast to the intestinal and liver data, we did not observe
indications for renal damage during exercise. At this stage, it is
unclear whether there was no hypoperfusion in the kidneys during
cycling, or whether the kidney is more resistant to physiological
hypoperfusion. Previous studies support the former, showing
relatively unchanged renal flow after short-term splanchnic blood
redistribution [28,29].
In addition to the observed epithelial cell integrity loss,
activation of the inflammatory response was shown. Inflammation
is characterized by neutrophil influx and activation, resulting in
the release of MPO and calprotectin, as seen in the present study.
MPO plays a role in oxidative processes, while calprotectin and
one of its constituents, myeloid-related protein-8 (Mrp8, S100A8),
are identified as strong activators of the innate Toll-like receptor 4
signaling pathway, resulting in the expression of pro-inflammatory
cytokines [30]. In addition to a rise in plasma calprotectin levels,
increased faecal calprotectin concentrations were found after
cycling in our healthy individuals, reflecting sequestration and
activation of neutrophils in the intestinal mucosa, suggesting the
gut to be an additional source of inflammatory products after
physical exercise. Inflammation and neutrophil influx have been
described previously in the human intestine, as part of I/R injury
[31], while a study by Mortensen et al., assessing femoral arterial-
venous differences during knee extensor exercise, pointed towards
release of calprotectin from muscle tissue during exercise [32]. We
consider the release of both calprotectin and MPO to be enhanced
in sites of tissue injury and inflammation, including muscle tissue
(during exercise), but also the gut mucosa. Loss of gut barrier
function, due to cellular injury and inflammation, could result in
bacterial translocation. Indeed, Jeukendrup et al. found mild
endotoxaemia (5–15 pg/ml) and increased levels of C-reactive
protein in the majority of participants after finishing an
approximately 12 h long-distance triathlon [33]. While our data
did not point towards bacterial translocation, the existence of
mucosal damage and inflammation in the GI tract did suggest loss
of epithelial barrier function in our healthy volunteers. In line,
analysis of the sugar probes in plasma using our novel HPLC/MS
approach revealed increased small intestinal permeability, while
these permeability changes correlated with the observed intestinal
injury. Interestingly, the classical analysis of sugar probes in urine
did not reveal significant changes in permeability, which might be
explained by the mild and temporary nature of the increase in
small intestinal permeability. In short, the absence of endotoxae-
mia and the mild changes in small intestinal permeability found in
the current study underline the physiological basis of the exercise-
induced changes in GI homeostasis.
In the current study, exercise did not significantly increase large
intestinal permeability. It could be argued that the large intestine is
better protected against episodes of hypoperfusion, or that blood
flow in the large intestine is better maintained to prevent the
translocation of bacteria and their products from the lumen to the
circulation. The latter is suggested by a study of Murray et al. that
found a decrease in rectal mucosal blood flow of almost 30% after
acute physical stress [34], while decreases ranging from 43 to
approximately 80% have been reported for splanchnic blood flow
during physical exercise [8,35].
In this study, we show the development of intestinal damage due
to physiological hypoperfusion. Our data imply that the healthy
human small intestine can withstand transient hypoperfusion,
since the observed enterocyte injury did not produce GI symptoms
in our healthy individuals. However, prolonged episodes of
hypoperfusion may cause more severe epithelial injury that may
give rise to abdominal symptoms, as observed in endurance
trained athletes [36]. Furthermore, it is tempting to speculate that
in individuals with hampered vascular function or decreased
cardiac output, physiological conditions such as ‘regular’ physical
exercise and other daily activities, will rapidly result in splanchnic
hypoperfusion, ultimately leading to enterocyte damage and
increased gut permeability. In patients with compromised vascular
function, hypoperfusion-induced epithelial dysfunction may give
rise to endotoxaemia, thereby enhancing their state of chronic
inflammation, as suggested by the group of Anker for patients with
chronic heart failure [6,37]. We assume that in addition to such
patients, also relatively healthy elderly experience episodes of
splanchnic hypoperfusion during daily activities due to the ageing
of the splanchnic vascular system.
In conclusion, our study demonstrates that a single, 60-minute
bout of moderate-to-high intensity exercise is accompanied by
splanchnic hypoperfusion and transient epithelial integrity loss in
healthy young males, reflecting the ability of the gut to withstand
to episodes of physiological stress with minor consequences.
Methods and Materials
Ethical approval
This study was approved by the medical ethical committee of
Maastricht University Medical Centre+, and conducted in
accordance with the Declaration of Helsinki (revised version,
October 2008, Seoul).
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Healthy male volunteers were recruited via posters at the
University. All volunteers spent 4 to 10 hours per week performing
endurance sports as part of their normal life style. The volunteers
had no abdominal complaints during daily activities, had not taken
any medication for at least one month prior to participation, had
no history of GI disease, and had had no abdominal surgery.
Volunteers were informed about the nature and risks of the
experiments. Written consent was obtained 5 days before the
experiments.
Participants had a mean age of 23.660.7 years and body mass
index of 21.060.4 kg/m
2. Subjects’ baseline characteristics and
maximum workload capacity did not differ between the study
groups (Table 1). All participants were able to complete the 1-hour
exercise bout, except for 1 volunteer, who discontinued cycling
after 42 minutes due to exhaustion.
Pre-exercise restrictions/arrangements
Prior to the experiments, maximal workload capacity was
assessed on a stationary cycle ergometer (Lode Excalibur,
Groningen, the Netherlands), during electrocardiographic moni-
toring (MAC 5500, GE Medical Systems, Freiburg, Germany) to
exclude cardiologic abnormalities. A dual energy X-ray absorp-
tiometry scan (DXA
TM, Hologic Inc., the Netherlands) was
performed to assess body composition.
Test subjects recorded dietary intake 2 days prior to the first
experimental day, and maintained dietary intake as recorded for
subsequent test days to prevent dietary influence. Participants were
not allowed to consume alcohol or caffeine 2 days prior to each
test day. Moreover, participants maintained normal activities of
daily living, but refrained from strenuous physical activity. The
evening before each test day, participants received a standardized
meal (1.7 MJ, consisting of 62.6 g carbohydrate, 18.9 g protein
and 7.9 g fat).
Study design and sampling
Subjects were tested after an overnight fast. The test design is
depicted as Figure S1. In short, a catheter (20 Gauge, Braun,
Melsungen, Germany) was placed in the participant’s forearm
vein. Every 10 minutes, blood was collected into pre-chilled
EDTA tubes (Vacucontainer, Becton Dickinson (BD), Helsing-
borg, Sweden), and kept on ice. Urine was collected by the
participants in 1 l plastic cups before and within 1 hour after
exercise. Urinary volume was recorded and 4 ml was directly
transferred to pre-chilled tubes. Blood and urine samples were
centrifuged within 1 hour at 4uC at 23006g for 15 minutes and
immediately stored at 280uC until analysis. Following 1 hour rest
in supine position, participants started cycling at 150 W. After
3 minutes, workload was increased to 70% of the individual’s pre-
assessed maximal workload capacity. Subjects maintained pedal
rates of 60 rpm, and workload was decreased by 25 W if the
participant was unable to maintain 60 rpm. Participants were only
allowed to drink a maximum of 200 ml tap water per 10 minutes.
Faeces were collected by 6 participants, before and after cycling,
and stored at 24uC until analysis. Subjects were asked to report
GI complaints experienced on the test day and the following day.
Assessment of GI perfusion
Gastric air tonometry was performed in 9 participants. The
evening before and 1 hour prior to the experiment, participants
ingested 150 mg ranitidine orally (GlaxoSmithKline, Zeist, the
Netherlands) to suppress gastric acid production, which interferes
with carbon dioxide, thereby affecting tonometry results [38]. A
nasogastric Tonometrics catheter (8 French, Datex Ohmeda,
Finland) was introduced and fixed to both nasal flares. Gastric
pCO2 was measured at 10-minute intervals using an automated
capnograph (Tonocap TC-200, Datex Ohmeda, Finland). To
avoid the use of an arterial catheter, an intravenous catheter (22
Gauge, BD) was placed in a dorsal hand vein and the hand was
placed in a hot box heated to 60uC, to arterialize the blood for
measuring arterial pCO2 [39], using a Radiometer ABL 510
(Copenhagen, Denmark). Blood samples were collected simulta-
neously with the tonometry measurements and gapg-a pCO2 was
calculated.
Assessment of intestinal damage
I-FABP, a sensitive marker of intestinal cell damage, was used to
determine small intestinal damage [15]. Plasma I-FABP was
determined using an ELISA (Hycult Biotechnology, Uden, the
Table 1. Baseline characteristics of the healthy male participants.
GI perfusion Intestinal damage GI permeability p-value
Group size (no. of participants)
1 91 5 6
Age (years) 24.261.0 23.860.8 25.060.6 0.67
Height (m) 1.7960.02 1.8060.02 1.7960.00 0.79
Weight (kg) 68.462.8 68.161.7 66.863.8 0.92
Body Mass Index (kg/m
2) 20.360.6 21.060.5 20.860.7 0.68
Total body: fat percentage (%) 11.660.7 11.960.8 12.560.6 0.81
fat mass (kg) 8.060.6 8.160.6 8.465.8 0.92
fat free mass (kg) 61.162.6 60.361.5 59.463.8 0.91
Both legs: fat percentage (%) 12.660.8 12.660.9 13.560.6 0.77
fat mass (kg) 3.160.3 3.160.3 3.360.3 0.87
lean mass (kg) 20.261.2 20.560.7 20.161.5 0.97
Maximum workload (W/kg) 5.060.1 5.260.1 5.360.1 0.33
Data are presented as mean 6 SEM.
1Of all study participants, three subjects participated in all three substudies, and four subjects participated in two substudies. Hence, in total, 20 individuals took part in
the study.
doi:10.1371/journal.pone.0022366.t001
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manufacturer’s instructions in samples taken before (t=0), during
(t=10–50 minutes) and after (t=60–120 minutes) cycling. Plasma
ileal bile acid binding protein (I-BABP), a sensitive damage marker
of ileal epithelium, was measured before (t=0) and after
(t=60 minutes) cycling, using an in-house developed ELISA as
previously described (detection window 0.32–5.0 ng/ml) [16].
Plasma markers for tissue damage and inflammation were
analyzed from every subject who completed the 1-hour exercise
bout, irrespective of the substudy in which he participated (Figure
S1). Some subjects participated in more than one substudy, leaving
20 unique study subjects for these analyses, unless stated otherwise.
Assessment of liver damage
Liver injury was assessed by L-FABP, ALT, and AST. Plasma
L-FABP is a sensitive indicator of hepatocellular injury [13].
However, as expression of L-FABP has been described in renal
and intestinal epithelium [40], this marker was combined with the
classically used parameters ALT and AST. In addition, we
determined plasma levels of alpha-GST, which is advocated to be
an early and more specific marker of liver injury and unaffected by
muscle injury or haemolysis [25,26]. All liver markers were
determined before, immediately after, and 1 hour after cessation
of cycling. Plasma L-FABP was measured using a commercial
ELISA according to the manufacturer’s instructions (Hycult,
detection window 0.20–25 ng/ml). Plasma ALT and AST were
determined by routine enzymatic assays at the Clinical Chemistry
Laboratory. Plasma alpha-GST levels were assessed using ELISA,
as described previously [41].
Assessment of kidney damage
NAG was determined using an enzyme colorimetric assay
according to the manufacturer’s instructions (HaemoScan, Gronin-
gen, the Netherlands). Concentrations were normalized to urinary
creatinine values, measured by routine assays at the Clinical
Chemistry Laboratory and expressed as Units/mmol creatinine.
Assessment of GI permeability
GI permeability was determined using a mix of 1 g lactulose
(Centrafarm, Etten-Leur, the Netherlands), 1 g sucralose (Brenn-
tag, Sittard, the Netherlands), 1 g erythritol (Danisco, Copenha-
gen, Denmark), 1 g sucrose (Van Gilse, Dinteloord, the Nether-
lands), and 0.5 g L-rhamnose (Danisco) dissolved in 150 ml tap
water, in a subset of 6 participants.
The study design, depicted in Figure S1, consisted of 2 test days,
one to test basal permeability and one for exercise-induced
permeability. Participants fasted overnight. The sugar bolus was
ingested after 30 minutes of rest in supine position, or after
30 minutes of cycling. Blood was sampled every 20 minutes and
urine every hour, up to 5 hours post ingestion. All subjects
urinated in plastic cups within 10 minutes of the instructed time
point. In addition, subjects collected their 5–24 hour urine at
home and returned the provided bottles the next morning, when
urine was immediately processed.
Combined HPLC (Model PU-1980 pump, Jasco Benelux,
Maarsen, the Netherlands) and mass spectrometry (Model LTQ-
XL, Thermo Electron, Breda, the Netherlands) were used to
determine urinary and plasma sugar concentrations. Lactulose,
rhamnose, and L/R ratio were determined in urinary samples to
assess small intestinal permeability. Since physiological, transient
permeability changes were expected, and our novel permeability
assay allowed the detection of sugar probes in plasma, we also
determined lactulose and rhamnose concentrations, and L/R
ratios in plasma. Both lactulose and rhamnose are degraded in the
colon. Therefore, the ratio between two inert sugar probes,
sucralose and erythritol, was determined in the 5–24 h urine to
assess large intestinal permeability. Since we did not draw blood in
this time period, we did not perform large intestinal permeability
analysis in plasma.
Assessment of inflammatory activation products
Circulating myeloperoxidase (MPO) and calprotectin, antimi-
crobial proteins that are excreted from neutrophils upon activation,
areconsidered earlyparameters ofsystemicinflammatoryactivation
[42,43]. Active MPO is known to elicit secretion of other cytokines
including tumor necrosis factor-a and interleukins [44], which were
therefore less useful. MPO was measured in plasma before and after
cycling using a commercial ELISA (Hycult; detection window0.40–
100 ng/ml). Since evidence is accumulating that inflammatory
products are produced in contracting and skeletal muscle [32,45],
we determined both circulating and faecal calprotectin. The latter is
considered a strong indicator of intestinal inflammation in specific,
and has been found to correlate to other parameters of intestinal
inflammation in inflammatory bowel disease [46] and enteropathy
induced by non-steroidal anti-inflammatory drugs (NSAID) [47].
Calprotectin was measured before and after cycling, using a
commercial calprotectin ELISA (standard 1.6–100 ng/ml). Faeces
were collected by the participants in provided faecal sampling cups.
Time of collection was reported by the participants. All faecal
samples were collected within 7 hours after cycling. For faecal
analysis, faeces were thawed, and 100 mg was added to 4.9 ml of
extraction buffer (0.1 M Tris, 0.15 M NaCl, 1.0 M urea, 10 mM
CaCl2 2H2O, 0.1 M citric acid, 0.5% BSA, pH 8.0) was added
[48]. After 30 minutes shaking, 1 ml of suspension was centrifuged
at 10,000 rpm for 20 minutes at 4uC. Faecal calprotectin
concentrations were measured in supernatant using the calprotectin
ELISA.
Endotoxin core antibodies in plasma were determined using
EndoCab ELISA (Hycult Biotechnology, Uden, the Netherlands;
detection window 0.13–8.0 IgG median units (GMU)/mL)
according to the manufacturer’s instructions in samples taken
before and after cycling.
Statistical analysis
Statistical analysis was performed using GraphPad Prism
(Version 5.00, GraphPad Software for Windows, San Diego
California, USA). Normality of all data was verified by the
Kolmogorov-Smirnov test. All normally distributed data are
presented as mean 6 standard error of the mean (SEM), not
normally distributed data as median and range. Outliers identified
using Grubbs analysis were excluded from statistical analysis.
Continuous data were analyzed using repeated measures analysis
of variance with Tukey’s or Dunnett’s post-hoc test for multiple
comparisons. Basal and post exercise values were compared using
the non-parametric Wilcoxon signed rank test, considering the
small number of study participants. Within-person correlations
between gapg-apCO2 and plasma I-FABP, and plasma I-FABP and
plasma L/R ratio were computed by normalizing both data sets,
which enables the assessment of the pure association of both
variables by calculating the Spearman correlation coefficient rS.
Linear regression was used to visualize the correlation. A p,0.05
was considered statistically significant.
Supporting Information
Figure S1 Time frame of GI perfusion, intestinal
damage and GI permeability study.
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endotoxins in the total group of participants did not reveal
significant changes. Data are mean 6 SEM. Different from
baseline (t=0) (NS, not significant).
(PDF)
Acknowledgments
We gratefully acknowledge Dr. J. Kolkman, Dr. M. Poeze, Mr. J. Senden,
Dr. J. Conchillo, Mr. B. Boonen, and Ms. N. Claes for their advice and
technical assistance, and Dr. J. Dekker, Dr. J. Derikx, and Mr. J. Grootjans
for critical revision of the manuscript, and all volunteers who contributed to
the work reported in this article.
Author Contributions
Conceived and designed the experiments: KvW KL LvL WP WB CD.
Performed the experiments: KvW. Analyzed the data: KvW KL WB CD.
Contributed reagents/materials/analysis tools: LvL WP. Wrote the paper:
KvW KL WB CD. Critical revision manuscript: LvL WP.
References
1. Sreenarasimhaiah J (2003) Diagnosis and management of intestinal ischaemic
disorders. BMJ 326: 1372–1376.
2. Holland J, Carey M, Hughes N, Sweeney K, Byrne PJ, et al. (2005)
Intraoperative splanchnic hypoperfusion, increased intestinal permeability,
down-regulation of monocyte class II major histocompatibility complex
expression, exaggerated acute phase response, and sepsis. Am J Surg 190:
393–400.
3. Giglio MT, Marucci M, Testini M, Brienza N (2009) Goal-directed
haemodynamic therapy and gastrointestinal complications in major surgery: a
meta-analysis of randomized controlled trials. Br J Anaesth 103: 637–646.
4. Derikx JP, Poeze M, van Bijnen AA, Buurman WA, Heineman E (2007)
Evidence for intestinal epithelial and liver cell injury in the early phase of sepsis.
Shock 18: 544–548.
5. Otte JA, Oostveen E, Geelkerken RH, Groeneveld AB, Kolkman JJ (2001)
Exercise induces gastric ischemia in healthy volunteers: a tonometry study. J Appl
Physiol 91: 866–871.
6. Krack A, Richartz BM, Gastmann A, Greim K, Lotze U, et al. (2004) Studies on
intragastric pCO2 at rest and during exercise as a marker of intestinal perfusion
in patients with chronic heart failure. Eur J Heart Fail 6: 403–407.
7. Mangi AA, Christison-Lagay ER, Torchiana DF, Warshaw AL, Berger DL
(2005) Gastrointestinal complications in patients undergoing heart operation: an
analysis of 8709 consecutive cardiac surgical patients. Ann Surg 241: 895–901.
8. Qamar MI, Read AE (1987) Effects of exercise on mesenteric blood flow in man.
Gut 28: 583–537.
9. Sawka MN, Young AJ, Francesconi RP, Muza SR, Pandolf KB (1985)
Thermoregulatory and blood responses during exercise at graded hypohydration
levels. J Appl Physiol 59: 1394–1401.
10. Peters HP, Bos M, Seebregts L, Akkermans LM, van Berge Henegouwen GP,
et al. (1999) Gastrointestinal symptoms in long-distance runners, cyclists, and
triathletes: prevalence, medication, and etiology. Am J Gastroenterol 94:
1570–1581.
11. Oktedalen O, Lunde OC, Opstad PK, Aabakken L, Kvernebo K (1992)
Changes in the gastrointestinal mucosa after long-distance running.
Scand J Gastroenterol 27: 270–274.
12. Choi SC, Choi SJ, Kim JA, Kim TH, Nah YH, et al. (2001) The role of
gastrointestinal endoscopy in long-distance runners with gastrointestinal
symptoms. Eur J Gastroenterol Hepatol 13: 1089–1094.
13. van de Poll MC, Derikx JP, Buurman WA, Peters WH, Roelofs HM, et al.
(2007) Liver manipulation causes hepatocyte injury and precedes systemic
inflammation in patients undergoing liver resection. World J Surg 31:
2033–2038.
14. Liangos O, Perianayagam MC, Vaidya VS, Han WK, Wald R, et al. (2007)
Urinary N-acetyl-beta-(D)-glucosaminidase activity and kidney injury molecule-
1 level are associated with adverse outcomes in acute renal failure. J Am Soc
Nephrol 18: 904–912.
15. Derikx JP, Vreugdenhil AC, Van den Neucker AM, Grootjans J, van Bijnen AA,
et al. (2009) A pilot study on the noninvasive evaluation of intestinal damage in
celiac disease using I-FABP and L-FABP. J Clin Gastroenterol 43: 727–733.
16. Derikx JP, Blijlevens NM, Donnelly JP, Fujii H, Kanda T, et al. (2009) Loss of
enterocyte mass is accompanied by diminished turnover of enterocytes after
myeloablative therapy in haematopoietic stem-cell transplant recipients. Ann
Oncol 20: 337–342.
17. Derikx JP, Matthijsen RA, de Bruı ¨ne AP, van Bijnen AA, Heineman E, et al.
(2008) Rapid reversal of human intestinal ischemia-reperfusion induced damage
by shedding of injured enterocytes and reepithelialisation. PloS One 3: e3428.
18. Blikslager AT, Moeser AJ, Gookin JL, Jones SL, Odle J (2007) Restoration of
barrier function in injured intestinal mucosa. Physiol Rev 87: 545–64.
19. Blikslager AT (2008) Life in the gut without oxygen: adaptive mechanisms and
inflammatory bowel disease. Gastroenterology 134: 346–338.
20. Derikx JP, van Waardenburg DA, Thuijls G, Willigers HM, Koenraads M, et al.
(2008) New insight in loss of gut barrier during major non-abdominal surgery.
PLoS One 3: e3954.
21. Matthijsen RA, Derikx JP, Kuipers D, van Dam RM, Dejong CH, et al. (2009)
Enterocyte shedding and epithelial lining repair following ischemia of the human
small intestine attenuate inflammation. PloS One 4: e7045.
22. Kavouras SA (2002) Assessing hydration status. Curr Opin Clin Nutr Metab
Care 5: 519–524.
23. Pratt DS, Kaplan MM (2000) Evaluation of abnormal liver-enzyme results in
asymptomatic patients. N Engl J Med 342: 1266–1271.
24. Nathwani RA, Pais S, Reynolds TB, Kaplowitz N (2005) Serum alanine
aminotransferase in skeletal muscle diseases. Hepatology 41: 380–382.
25. Rees GW, Trull AK, Doyle S (1995) Evaluation of an enzyme-immunometric
assay for serum alpha-glutathione S-transferase. Ann Clin Biochem 32:
575–583.
26. van Griensven JM, Burggraaf KJ, Gerloff J, Gu ¨nzler WA, Beier H, et al. (1995)
Effects of changing liver blood flow by exercise and food on kinetics and
dynamics of saruplase. Clin Pharmacol Ther 57: 381–389.
27. Garcı ´a-Paga `n JC, Santos C, Barbera ´ JA, Luca A, Roca J, Rodriguez-Roisin R,
et al. (1996) Physical exercise increases portal pressure in patients with cirrhosis
and portal hypertension. Gastroenterology 111: 1300–1306.
28. Bru ¨gger LE, Beldi G, Beck M, Porta F, Bracht H, et al. (2010) Splanchnic
vasoregulation after major abdominal surgery in pigs. World J Surg 34:
2057–2063.
29. Perko MJ, Nielsen HB, Skak C, Clemmesen JO, Schroeder TV, et al. (1998)
Mesenteric, coeliac and splanchnic blood flow in humans during exercise.
J Physiol 513: 907–913.
30. Vogl T, Tenbrock K, Ludwig S, Leukert N, Ehrhardt C, et al. (2007) Mrp8 and
Mrp14 are endogenous activators of Toll-like receptor 4, promoting lethal,
endotoxin-induced shock. Nature Medicine 13: 1042–1049.
31. Grootjans J, Lenaerts K, Derikx JP, Matthijsen RA, de Bruı ¨ne AP, et al. (2010)
Human intestinal ischemia-reperfusion-induced inflammation characterized:
experiences from a new translational model. Am J Pathol 176: 2283–2291.
32. Mortensen OH, Andersen K, Fischer C, Nielsen AR, Nielsen S, et al. (2008)
Calprotectin is released from human skeletal muscle tissue during exercise.
J Physiol 586: 3551–3562.
33. Jeukendrup AE, Vet-Joop K, Sturk A, Stegen JH, Senden J, et al. (2000)
Relationship between gastro-intestinal complaints and endotoxaemia, cytokine
release and the acute-phase reaction during and after a long-distance triathlon in
highly trained men. Clin Sci (Lond) 98: 47–55.
34. Murray CD, Flynn J, Ratcliffe L, Jacyna MR, Kamm MA, et al. (2004) Effect of
acute physical and psychological stress on gut autonomic innervation in irritable
bowel syndrome. Gastroenterology 127: 1695–1703.
35. Rowell LB (1973) Regulation of splanchnic blood flow in man. Physiologist 16:
127–142.
36. ter Steege RW, van der Palen J, Kolkman JJ (2008) Prevalence of gastrointestinal
complaints in runners competing in a long-distance run: an internet-based
observational study in 1281 subjects. Scand J Gastroenterol 43: 1477–1482.
37. Sandek A, Bauditz J, Swidsinski A, Buhner S, Weber-Eibel J, et al. (2007)
Altered intestinal function in patients with chronic heart failure. J Am Coll
Cardiol 50: 1561–1569.
38. Kolkman JJ, Groeneveld AB, Meuwissen SG (1994) Effect of ranitidine on basal
and bicarbonate enhanced intragastric PCO2: a tonometric study. Gut 35:
737–741.
39. Knowles TP, Mullin RA, Hunter JA, Douce FH (2006) Effects of syringe
material, sample storage time, and temperature on blood gases and oxygen
saturation in arterialized human blood samples. Respir Care 51: 732–776.
40. Pelsers MM, Hermens WT, Glatz JF (2005) Fatty acid-binding proteins as
plasma markers of tissue injury. Clin Chim Acta 352: 15–35.
41. Mulder TP, Peters WH, Court DA, Jansen JB (1996) Sandwich ELISA for
glutathione S-transferase Alpha 1-1: plasma concentrations in controls and in
patients with gastrointestinal disorders. Clin Chem 42: 416–419.
42. Nakajima T, Kurano M, Hasegawa T, Takano H, Iida H, et al. (2010)
Pentraxin3 and high-sensitive C-reactive protein are independent inflammatory
markers released during high-intensity exercise. Eur J Appl Physiol 110:
905–913.
43. Thuijls G, Derikx JP, Prakken FJ, Huisman B, van Bijnen AA, et al. (2011) A
pilot study on potential new plasma markers for diagnosis of acute appendicitis.
Am J Emerg Med 29: 256–60.
44. Malle E, Buch T, Grone HJ (2003) Myeloperoxidase in kidney disease. Kidney
Int 64: 1956–1967.
Exercise Induces Gut Dysfunction in Healthy Men
PLoS ONE | www.plosone.org 8 July 2011 | Volume 6 | Issue 7 | e2236645. Pedersen BK, Febbraio MA (2008) Muscle as an endocrine organ: focus on
muscle-derived interleukin-6. Physiol Rev 88: 1379–1406.
46. Tibble J, Teahon K, Thjodleifsson B, Roseth A, Sigthorsson G, et al. (2000) A
simple method for assessing intestinal inflammation in Crohn’s disease. Gut 47:
506–513.
47. Tibble J, Sigthorsson G, Foster R, Scott D, Fagerhol M, et al. (1999) High
prevalence of NSAID enteropathy as shown by a simple faecal test. Gut 45:
362–366.
48. van der Sluijs Veer G, van den Hoven B, Russel MG, van den Bergh FA (2006)
Time-resolved fluorimetric immunoassay of calprotectin: technical and clinical
aspects in diagnosis of inflammatory bowel diseases. Clin Chem Lab Med 44:
292–298.
Exercise Induces Gut Dysfunction in Healthy Men
PLoS ONE | www.plosone.org 9 July 2011 | Volume 6 | Issue 7 | e22366